For most large phages of both Gram-positive and Gram-negative bacteria, there appears to be a single pathway for achieving disruption of the host envelope, requiring at least two phage-encoded lysis functions (a holin and an endolysin). The holin is a small membrane protein which causes a non-specific lesion in the cytoplasmic membrane, which allows the endolysin to gain access to its substrate, the peptidoglycan. The scheduling of host lysis is effected by regulatory mechanisms which govern the synthesis and activity of the holin protein accumulating in the membrane. Accordingly, aspects of expression and function of holin genes are considered here, focusing mainly on the lambdoid S genes. This group of genes, of which lambda S is the prototype, are characterized by a dual-start motif consisting of two Met start codons separated by one or two codons, at least one of which specifies Arg or Lys. Two protein products are elaborated, differing only by two or three N-terminal residues but apparently possessing opposing functions: the shorter polypeptide is the active holin, or lysis-effector, whereas the longer polypeptide apparently acts as an inhibitor of holin function. Models will be considered which may account for the ability of the holin to form a 'hole' in the cytoplasmic membrane at a programmed time, as well as for the inhibitory properties of the longer product. Finally, we discuss recent results suggesting that the dual-start motif can be viewed as a level of regulation superimposed on a timing function intrinsic to the canonical holin structure.
Lytic phages, except for those with ssDNA and ssRNA genomes, encode and elaborate an enzyme which degrades the peptidoglycan. Although the term lysozyme is often applied to this phage function, in fact at least four different enzyme classes (lysozyme, transglycosylase, amidase, endopeptidase) have been identified as having this role for various phages of Gram-negative and Gram-positive bacteria; thus the generic term 'endolysin' is more appropriate (Young, 1992) . Although these enzymes function only in the periplasm, none of the characterized phage endolysins possesses a signal sequence for transit across the cytoplasmic membrane (Young, 1992; Young and Bläsi, 1995) . Phage lambda elaborates a second essential lysis protein, S, a small, integral membrane protein (Altman et al., 1983 ) which, at a precisely scheduled time, causes a lethal lesion in the cytoplasmic membrane that allows the endolysin gpR (a transglycosylase) (Bienkowska-Szewczyk et al., 1981) access to the peptidoglycan and thus terminates the productive infection cycle (Harris et al., 1967) . On the basis of the lambda model, we have argued that all endolysin-dependent phages will encode a gpS homologue, for which we have suggested the generic term 'holin'. Moreover, the holin-endolysin model for lysis specifies that the membrane lesion, or 'hole', opens at a specified time and allows endolysins of all stripes through the lipid bilayer. Thus endolysin action, visualized as macroscopic lysis, can be viewed as a reporter event for holin function. In the four years since the proposition of the holin-endolysin concept, the primary sequences of 23 phage holins or putative holins have been determined. There are at least 12 apparently unrelated holin gene families without primary sequence relatedness, which makes holins one of the largest and most diverse classes of functional proteins (Young and Bläsi, 1995) . Holins have a common architecture. Primary sequence features that define the holin class include highly charged N-and C-termini and at least two putative alpha-helical transmembrane domains separated by a short beta-turn linker (Fig. 1B) . In several cases, holins have been shown to function with heterologous endolysins, which suggests that the 'hole' is not specific for its cognate endolysin (Rennell and Poteete, 1985; Rietsch and Bläsi, 1993; Henrich et al., 1995) .
Function and expression of the lambda lysis genes
The lambda lysis genes, S, R, Rz and Rz1, are the promoter-proximal cistrons of the 25 kb late mRNA transcribed from the p R' promoter (Fig. 1A) . The exact function of the Rz gene (153 codons) is still unclear. Rz may be an enzyme which attacks the oligopeptide links between the cell wall and the outer membrane (Young et al., 1979) . A second reading frame, Rz1 embedded out-of-frame in Rz, has been reported to encode a 6.5 kDa lipoprotein localized in the Escherichia coli outer membrane (Hanych et al., 1993; Kedzierska et al., 1996) . The S holin and R transglycosylase genes, which are sufficient for lysis, encompass 107 and 158 codons, respectively.
About 8 min after infection at 378C or about 5 min after thermal induction (shift to 428C) of a thermolabile lysogen, late gene transcription begins as a result of the action of the delayed-early anti-terminator protein Q (Herskowitz and Signer, 1970; Yang et al., 1989) . SR mRNA accumulates from late turn-on to about 25 min and then is essentially constant (Chang et al., 1995) . There are 1000-5000 S molecules per cell at the conclusion of the lytic cycle (Zagotta and Wilson, 1990; Chang et al., 1995) . Assuming that all of the S mRNA is functional, this suggests a very low total translation rate for S, probably less than one translation per min per mRNA (Nam, 1991; Chang et al., 1995) .
The translation initiation region of the lambda S gene shows several peculiarities (Fig. 1A) . There are two initiation codons, Met-1 and Met-3, and two domains complementary to the 3' end of the 16S RNA: one, 5'-GGGGG-3', is sequestered by an upstream secondary structure, and the other, 5'-UAAG-3', is located immediately 3' of this stem-loop structure. Co-dominant lysis-defective mutations were isolated in the upstream stem-loop structure ( Fig. 1A : sdi mutations), suggesting that the structure was involved in the regulation of lysis gene function (Raab et al., 1988) . The dominant character suggested that a defective S product was poisoning the lysis process. An identical phenotype was found for mutations which altered Met-3 to Ile or Leu (Fig. 1A) . These genetic R2 . The Rz1 gene entirely embedded in the Rz reading frame (Hanych et al., 1993) is not shown. B. Amino acid sequence of the full-length S gene products from phages lambda and 21. Below the sequence, predicted transmembrane domains are underlined with shaded boxes. A third possible transmembrane sequence in protein S is depicted by an empty box. Putative beta-turns are labelled with a string of 't' letters. The highly charged C-terminal domains characteristic of holins are underlined with a string of asterisks. C. Dual-start motifs. The predicted N-terminal amino acid sequences of the holins from eight lambdoid holins and from the Phi29 protein 14 are shown, aligned with the second start codon. The predicted lengths of the two holin proteins are given in parentheses. The HK022 and HK097 sequences were provided prior to publication by M. Gottesman and R. Hendrix, respectively. 'Hemo' stands for the lambdoid prophage 933W of the haemorrhagic E. coli strain 933 (Newland et al., 1985) . The sequence of the lambda S homologue of phage 933W was provided prior to publication by F. Blattner and colleagues. The Phi80 sequence was provided, prior to publication, by J. Roberts and colleagues.
findings provided the first evidence for a model in which the dual-start motif regulated S gene function and the timing of lysis (Raab et al., 1988) . According to this model, initiations at the two Met start codons result in the production of two proteins, S107 and S105 (designations which specify the length of each product in amino-acid residues). Despite the fact that the primary products would differ by only the presence of the Met1-Lys2 residues at the Nterminus of S107 (Fig. 1A) , the two proteins were shown to have opposing functions: S105 served as the lethal hole-former, whereas S107 acted as an inhibitor of S105. In turn, the partition of translational initiation events was regulated by the secondary structure at the 5' boundary of the S cistron (Fig. 1A ). This structure was given the name sdi (for structure-directed initiation).
The dual-start model has survived every test and quantitative analysis directed at it. The first prediction of the model was that elimination of Met-1 would cause early lysis because the S107 inhibitor would not be produced. This prediction was fulfilled (Raab et al., 1988; Bläsi et al., 1989) . Furthermore, both proteins have been detected by in vivo labelling Chang et al., 1993) and by antibodies raised against an oligopeptide corresponding to the C-terminal sequence of S (Chang et al., 1995) . As expected, these proteins differed in both isoelectric point and SDS-PAGE mobility . Plasmid-based systems were used for site-directed mutagenesis studies on the regulatory features of the S gene. The timing of induced lysis was found to be a monotonic function of the partition of S expression between its two gene products. The normal ratio appears to be 2-3 :1 in favour of the S105 form, both products exhibiting equal stability in pulse-chase experiments Chang et al., 1993) . Moreover, most of the pattern of S105 and S107 production from these plasmids in vivo could be explained by changes in the accessibility of the two start codons to 30S ternary complex formation, as assessed by toeprinting studies on purified mRNA fragments (Bläsi et al., 1989; Nam et al., 1990 ).
Structure of the 5' region of the S gene
The initial success of the toeprinting studies was in demonstrating that the effect of the sdi mutations upstream of the S start was an increased accessibility of the consensus Shine-Dalgarno (SD) sequence serving AUG 1 (Fig. 1A) , the start codon for the lysis-inhibitor S107 (Bläsi et al., 1989) . Recently, the analysis of a collection of plasmid-borne S mutant alleles with changes affecting the downstream stem-loop structure (Fig. 1A) has suggested that it acts as a negative effector for synthesis of both S107 and S105, having an even more pronounced negative effect on S107. In addition, mutations affecting the unusual SD sequence 5'-UAAG-3' (Fig. 1A) have been shown to reduce the synthesis of both S105 and S107 significantly. This has led to the proposal that the 5'-UAAG-3' sequence may function in the initial binding of the 30S subunit, and that as long as the sdi structure is in its double-stranded form, translational starts occur primarily at AUG 3 (Chang et al., 1995) . According to this view, in about one-third of the translation initiation events the upstream sdi stem-loop denatures, exposing the SD sequence (5'-GGGGG-3') for AUG 1 which, in turn, results in the production of the lysis-inhibitor S107. This sophisticated structure thus apparently restricts the overall expression of S and generates an appropriate partition between the production of the inhibitor and effector products.
Conservation of the dual-start motif
The holin genes from eight lambdoid phages fall into two sequence-related families (Fig. 1C) . Seven of these holin genes have the dual-start motif, with two start codons within the first four codons flanking at least one lysine residue (or an Arg residue in S f 80 ). In the lambda family, the dual-start motifs and underlying mRNA structures from lambda and P22 have been demonstrated to be functional homologues, which is not surprising given the 89% sequence identity between S and P22 gene 13 . The holins comprising the phage 21 family are smaller: 71-73 residues versus 107 or more for the lambda family. Preliminary mutational analysis of the dual-start motif of phage 21 supports the notion that the 68-and 71-residue products of S 21 fulfil the same role as S105
and S107 of S l (Bonovich and Young, 1991) . Moreover, the holin gene 14 of Bacillus subtilis phage Phi29 (Fig.  1C) has been shown to give rise to two proteins, and ablation of either start codon results in lysis phenotypes consistent with the notion that these proteins have opposing roles in lysis timing Tedin et al., 1995) .
Spontaneous and premature lysis
Throughout late gene expression, the two S products accumulate in the membrane (Chang et al., 1995) . Suddenly, at about 45 min after induction of a lysogen, lysis begins, or, in the case of an endolysin-defective mutant, the membrane is permeabilized by S and respiration ceases (Reader and Siminovitch, 1971a,b; Adhya et al., 1971; Wilson, 1982) . Thus, there must be at least two states for S protein (Fig. 2C) : a chronic or 'pre-hole' state, which preserves the integrity of the membrane and permits respiration and macromolecular synthesis during late gene expression; and the acute or 'hole' state, in which the membrane is permeable at least to small molecules (Reader and Siminovitch, 1971a; Wilson, 1982 ) and endolysin and is no longer capable of supporting a proton gradient (D. Smith and R. Young, unpublished) . The saltatory conversion of the S protein from the chronic to the acute state not only happens spontaneously throughout an induced culture in a narrow time 'window' but also can be triggered prematurely by the addition of energy poisons such as cyanide (Reader and Siminovitch, 1971b; Garrett and Young, 1982) . It is not known whether the chronic and acute states differ at the conformational level or the oligomerization state, or both, much less how the transition is scheduled temporally.
Mutational analysis of dual-start holins
From quite early on, physiological studies have been conducted using different S alleles in the presence of the R and Rz genes contained in inducible plasmid expression vectors. Several key observations have been made. First, an S107-only allele in a compatible plasmid in trans to an inducible plasmid carrying S + severely retarded the onset of lysis. It is worth noting, however, that this was achieved only at a low total expression rate for the S + gene, such that in the absence of the S107 clone in trans, lysis onset was already very delayed. Second, although premature lysis was triggered by the addition of cyanide both in the presence and absence of the S107 allele in trans, the slope of the induced lysis after onset was significantly greater when both wild-type and M3L alleles were present. This indicated that, at least in the context of a mixture of the two forms, depolarization of the membrane can permit the S107 protein to act in concert with S105 as a hole-former . The first tests of the dual-start model involved mutational analysis of position 2 in the S107 reading frame. It was found that mutations which altered Lys-2 residue to an acidic or a neutral residue abolish the inhibitory capacity of S107 . Moreover, addition of another Lys codon between the two start codons A. 'N-out' model: the N-terminal transmembrane helix transits the membrane when triggered. Top: the N-terminus of S107 is shown residing in the cytoplasm because of its extra positively charged residue. Bottom: when the membrane is depolarized, the N-terminus of S107 is exposed to the periplasm and both S proteins assume the three-helix conformation. B. 'N-in' model: the polarized membrane affects conformation of both the N-terminal and the C-terminal domain. Top: N-terminal and C-terminal interactions of the two S proteins with the negatively charged inner side of the polarized inner membrane are shown. Bottom: depolarization of the membrane allows both S proteins to assume the 'active' conformation. C. Model for S-dependent hole formation: homodimers and heterodimers of S105 and S107 confer proton leakiness to different extents. On the left, the homodimers and heterodimers are pictured from a cytoplasmic view in the chronic or pre-hole state, with a different intrinsic permeability to protons. This is shown using the two-transmembrane model shown in (B) but can also be applied to the topologies shown in (A). Upon depolarization, the 'acute or hole conformation' is pictured as a multi-subunit 'pore' structure. The order of the oligomeric complex is chosen arbitrarily. generated S alleles which conferred further-delayed lysis times . The P22 holin gene 13 has two Lys codons between the start codons. Although the levels of gp13 108 and gp13 105 have not been directly assessed, toeprint analysis suggested that the effector is synthesized in a much higher molar ratio (10:1) than the 2-3 :1 ratio characteristic of S. Nevertheless, similar lysis times were found in plasmid-based systems using the S and 13 dual-start motifs. These data suggest that the additional basic residue at the N-terminus of protein 13 108 confers greater inhibitory activity. In fact, S proteins with two or more positively charged residues distal to Met-1 and a replacement of Met-3 with Leu cannot be triggered to hole-formation by cyanide . This may indicate that even after the collapse of the membrane potential, the excess positive charge on the N-terminal cytoplasmic domain still interacts too strongly with the membrane to allow hole formation (see Fig. 2, A and B) . In any case, these findings confirmed the crucial role of the positive charge on residue 2.
Moreover, a mutational analysis of the N-terminal sequence preceding the first membrane-spanning domain of S revealed that both the overall charge of the amino acid residues and the distribution of charged residues within this segment are important for lysis timing . Recently, a similar mutational study was performed for the C-terminal end of the S holin (P. Fraisl and U. Bläsi, unpublished) . The effect of charge changes at the C-terminal end can be generalized: the more positively charged the C-terminal end, the greater the delay in lysis time. Therefore, the major distinction between S105 and S107 seems to be the degree of inhibition in the presence of an energized membrane. In fact, the apparently higher degree by which S107 is inhibited by the membrane potential can be compensated for by enhanced production of S107 . In other words, formation of the S-dependent hole by S107 molecules alone appears to be quantitatively, rather than qualitatively, different from the same event with S105.
Timing function intrinsic to the S-holin transmembrane domains
Probably the most disconcerting aspect of the dual-start motif was the finding that its elimination did not have a severely debilitating effect on lysis regulation or plaque formation. That is, mutation of the Met-1 start codon yielded an allele which shows early lysis, but only marginally so, with the result that the average phage burst size is slightly reduced but still sufficient for plaque formation (Chang, 1994) . Moreover, the lysis profiles of induced lysogens carrying the M1L allele still exhibited a sharply defined or saltatory lytic event some 30 min after the onset of late gene expression (Raab et al., 1988) . Thus, the holin has an intrinsic 'clock' over which is superimposed the dual-start motif as another layer of temporal control or fine-tuning. Additional support for this notion stems from the observation that lysis alleles producing only S105 can be prematurely triggered by energy poisons .
Some light has been shed on this problem by studies of a 'clock' mutant of S (Johnson-Boaz et al., 1994) , Ala-52-Gly, which has no effect on S accumulation or on the proportion of S105 and S107 but which affects lysis-timing in the phage context dramatically. An induced lysogen carrying the SA52G causes lysis at around 20 min (compared to 45-50 min for S + ), before the first infective phage particle has been produced in the average cell (and thus makes SA52G a non-plaque-forming allele). At this point in the infective cycle, barely one-tenth of the normal amount of S has accumulated in the membrane, although the normal ratio of S105:S107 is preserved (Johnson-Boaz et al., 1994) . Thus, the major component of the temporal regulation of S function is intrinsic to the transmembrane domains of S. Isolation of more such mutants could help in defining a potential 'clock domain' within the membrane-embedded portions of S. Also, any model which seeks to explain the modulation of lysis time by changes in the positive charge density at the N-and C-termini must also explain the almost total dysfunction of the timing mechanism in this allele (see below).
Models for the effects of N-and C-terminal positive charge on holin function
The importance of positively charged residues in the proper function and timing of the lambdoid dual-start holins has been the basis for one view of how the S107 molecule acts in lysis regulation. In this model, the N-terminal domain of the holin must transit the membrane and becomes exposed to the periplasm when hole formation occurs ( Fig. 2A) . Recent work indicates that positively charged domains of integral membrane proteins can be translocated to the periplasmic side when the membrane potential is abolished (Rohrer and Kuhn, 1990; Andersson and von Heijne, 1994) . Moreover, there is evidence that a large domain of colicin Ia makes a dynamic transit of the energized membrane during pore formation (Slatin et al., 1994) . Almost all the evidence on S topology stems from preliminary experiments performed in our two laboratories. The availability of antibodies directed against a C-terminal epitope of S has allowed us to use protease-accessibility experiments to demonstrate that the C-terminus of S105 and of S107 is cytoplasmic (Steiner, 1993; Chang, 1994) . Thus, any reasonable model which would allow the N-terminus of S to be exposed to the periplasm mandates that there be three transmembrane domains (Figs 1B and 2A) , and the chronic, untriggered state would have the N-terminus at the cytoplasmic interface ( Fig. 2A) . In support of this notion, the reporter domains of S-b-lactamase and S-PhoA hybrid proteins fused at the end of the first membrane-spanning segment of S105 or S107 were inaccessible to proteinase K in sphaeroplasts and fully accessible in inverted vesicles (Steiner, 1993) . Moreover, the secretory signal sequence of the M13 procoat protein has been abutted to either Met-1 of S107 or Met-3 of S105 (A. Graschopf and U. Bläsi, unpublished) . Preliminary results indicate that the signal sequence is cleaved in both cases. Moreover, both hybrid proteins induced a lethal lesion in the membrane, although the clone with the S107 hybrid exhibited a significant delay in the formation of the lesion. The latter result suggests that an active configuration of S requires translocation of the N-terminus to the periplasm and that translocation of the N-terminus of S107 (in its signal-sequence form) is severely restricted, presumably because of the positive charge in Lys-2 of S107.
An alternative model capable of rationalizing the importance of positively charged N-and C-terminal domains is shown in Fig. 2B . According to this view, the interaction of positively charged residues on the N-and C-termini with the charged inner surface of the energized membrane stabilizes a conformation of S105 and S107 which is in each case non-permissive for hole formation. Collapse of the membrane potential destabilizes this conformation and leaves both molecules in a conformation that is capable of rapid hole formation, by oligomerization into a regular structure.
A principal difference between the two views is the presence of three transmembrane domains and an externalized N-terminus in the 'N-out' model ( Fig. 2A) , versus two transmembrane domains and an internal N-terminus in the model shown in Fig. 2B . Preliminary circular dichroism studies of purified, His-tagged S105 and S107 proteins in non-ionic detergent solution shows an ideal a -helical signature and molar ellipticity at 203 nm consistent with two, but not three, transmembrane helices (D. Smith and R. Young, unpublished) . Moreover, the shorter lambdoid holins of the phage 21 family also possess dual-start motifs but clearly cannot have more than two transmembrane domains (Fig. 1B) ; thus the 'N-out' model would require that the dual-start motif exerts its inhibitory character on opposite sides of the membrane in the two classes of lambdoid holins. A definitive experiment would be possible if antibodies specific for the N-terminus of either or both S proteins could be obtained. Despite many attempts this goal has not yet been achieved. Thus, the issue of membrane topology is among the most crucial of the unresolved questions about the structure and function of the S holin.
The sequence of events towards S-dependent hole formation
The general conclusion of the effect of positive charge at the N-and C-terminus of S is that the more positive the charge is at either end, the longer the time that elapses before onset of lysis. A reasonable explanation for this effect could be that the interaction of the positively charged terminal domains with the negatively charged inner surface of the energized membrane restricts the formation of S-oligomers (Zagotta and Wilson, 1990) , perhaps by inhibiting lateral diffusion of S-monomers in the plane of the membrane (Fig. 2, A and B) . What triggers S-function? One view is that the accumulation of S proteins exerts a stress on the cell, possibly by placing an increasing load on the ability of the cell to maintain the energized membrane. In the simplest scheme, S in the chronic state is leaky for protons. The more total S protein that has accumulated, the more severe is the load on the mechanisms which maintain the membrane potential. Ultimately, the potential would collapse and hole formation would occur, just as it does after cyanide treatment. On this basis, there seem to be two possible explanations of the earlylysis phenotype of the SA52G allele. This mutant protein may be less sensitive to the inhibitory effect of the membrane potential. Alternatively, the substitution of the H atom by a methyl group as the side-chain at position 52 might abolish a tight inter-or intramolecular interaction of the transmembrane helices and may thus increase the leakage of protons. Hence, the intrinsic 'lysis clock' in S may be described as a function of the increasing concentration of S-aggregates. These could be dimers or higher oligomeric assemblies of S as detected in crosslinking experiments (Zagotta and Wilson, 1990) . The S-aggregates in the membrane may cause a steadily increasing leakage of protons. According to this notion, the inhibitor form might act by poisoning the formation of productive ('leaky') aggregates (Fig. 2C) . A basis for this poisoning could be the difference in translocation between the Nterminus of S107 and that of S105. If the N-terminus of both S species has to traverse the cytoplasmic membrane ( Fig. 2A) , the additional Lys-2 residue in S107 could retard translocation of its N-terminus relative to that of S105. Alternatively, conformational differences between S105 and S107 dependent on the charged membrane could explain the difference in leakiness (Fig. 2B) .
Whatever the exact molecular basis, it is conceivable that in S-aggregates S105 homo-oligomers may cause leakage of protons, whereas S107 homo-oligomers or S105/S107 hetero-oligomers would not, or at least not to the extent that S105 homo-oligomers do (Fig. 2C) . Thus, in the presence of S107, more total S105 would have to be produced to cause a given level of ion leakiness. The idea of a steadily increasing leakage of protons due to accumulation of S proteins in the membrane would explain how S-hole formation could be triggered without prior formation of an aggregate particularly rich in S105.
Perspectives
Here we have summarized the state of knowledge of lambdoid phage holins, which have an unusual amino-terminal motif, the dual start. As discussed, an understanding of holin function will require an insight into protein structure, protein-protein interaction, membrane structure, and electrophysiology. Ultimately, the ability to reconstruct hole formation in artificial membranes will be required to discern the molecular mechanism of the simple, but remarkably sophisticated, 'lysis clock'. It is hoped that this review will interest those with the necessary perspectives and expertise to address some of these questions.
The critical nature of the holin-triggering event in the phage life cycle is underscored by the existence of the dual-startmotif holins. Interestingly, in some cases where holins do not have the dual-start motif putative anti-holins encoded by a reading frame separate from the respective holin gene have been identified (Ziermann et al., 1994; Schmidt et al., 1996; I. Moll and U. Bläsi, unpublished) . Future studies will show if two different proteins serve the same purpose as the two beginnings in controlling holin function.
